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SHORT COMMUNICATION 
The Complexation of Protonated Peptides with 
Saccharides in the Gas Phase Decreases 
the Rates of Hydrogen/Deuterium 
Exchange Reactions 
M. Kirk Green, Sharron G. Penn, and Carlito B. Lebrilla 
Department of Chemistry, University of California, Davis, California, USA 
Gas-phase noncovalently bound complexes are probed by hydrogen/deuterium exchange. 
The complexes, composed of a protonated amino acid and a monosaccharide, are investi- 
gated to observe the effects of complexation on the rates of exchange. Rate constants are 
determined and compared for complexed and uncomplexed amino acids. The overall rate 
constant, which corresponds to exchange of a specific number of hydrogens, is deconvoluted 
to yield site-specific rate constants. Complexation of amino acids with saccharides signifi- 
cantly decreases the rate constants of the exchange. Results of molecular orbital calculations 
are provided to explain the decrease in the rates. f\ Am Sot Mnss Syectrorrr 1995, 6, 2247-1252) 
T he investigation of gas-phase noncovalently bound complexes has been made possible by recent developments of ionization sources for 
macromolecules. The isolation of these complexes in 
the gas phase provides supporting evidence for their 
formation in the solution phase [l-6]. Hydrogen/ 
deuterium (H/D) exchange offers a nondestructive 
and low energy probe of the complexes’ structure 
[7-91. It has been used already to characterize folding 
in complex gas-phase proteins [lo, 111. Development 
of this probe for noncovalently bound complexes, how- 
ever, requires a deeper understanding of the mecha- 
nism and factors that affect the rates. In amino acids 
and peptides, structural and energetic factors affect the 
rates of H/D exchange [121. For example, the rates of 
exchange for carboxylic acid hydrogens differ greatly 
from amine hydrogens [9, 131. In this communication, 
we report that in complexes that involve a protonated 
peptide and a sugar moiety, the rates of H/D ex- 
change decrease, relative to the lone protonated species, 
even when the number of labile hydrogens signifi- 
cantly increases. For this study, a new method was 
developed to calculate the rate constants by deconvo- 
lution of the values for each exchangeable hydrogen. 
Evidence for a unique, intracomplex hydrogen ex- 
change between the peptide and the sugar is provided 
also. Additionally, to our knowledge this is the first 
report of gas-phase H/D exchange that involves proton 
bound complexes. 
The mechanism of gas-phase H/D exchange de- 
pends on the difference in gas-phase basicity of the 
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deuterated reagent and the conjugate base of the pro- 
tonated species [9, 131. For compounds that contain a 
single functional group, gas-phase basicities of less 
than 80-kJ/mol difference between the protonated 
species and the deuterated reagent promote exchange 
[8]. When the gas-phase basicities (GBs) are similar, 
H/D exchange occurs by simple proton transfer pos- 
sibly through a four center intermediate. With sig- 
nificantly larger differences in GB, the contribution by 
this direct mode is decreased. For this reason, H/D 
exchange does not occur between deuterated meth- 
anol (GB 728.8 kJ/mol) and protonated amines (GB 
- 800-900 kJ/mol) [9, 141. When the protonated sub- 
strate contains two or more functional groups, ex- 
change again is observed even with GB differences of 
greater than 160 kJ/mol [9, 12, 13, 151. We have at- 
tributed this reactivity to the simultaneous interaction 
between two functional groups and the incoming 
deuterated reagent (as shown with protonated glycine 
and CH,OD) that produces a “cooperative interaction” 
suitable for H/D exchange [13]. 
OH 
Molecules that can produce this interaction with the 
deuterating reagent also can have strong intramolecu- 
lar interactions. The rate constant of intermolecular 
Received August 28,1995 
Revised September 8,1995 
Accepted September II,1995 
1248 GREEN ET AL. J Am Sot Mass Spectrom 1995,6,1247-1251 
H/D exchange is known to increase almost linearly as 
the difference in the proton affinity of the two most 
basic sites in amino acids and peptides decreases [13]. 
As a consequence, H/D exchange can be used to probe 
intramolecular interactions in protonated species. In- 
termolecular interactions in complexes (intracomplex 
interactions) are good candidates to probe with H/D 
exchange. 
ferential equations to obtain fractional occupancies of 
each site. Use of the appropriate combinations and 
permutation of the fractional occupancies yields ex- 
pected ion intensities, which are then fitted to the 
experimental data. With this method and some struc- 
tural insight, we can assign rate constants to specific 
sites. 
Results and Discussion 
Experimental 
In the experiments performed for this report, mixed 
dimer ions that consist of amino acids and monosac- 
charides were produced by liquid secondary ion mass 
spectrometry ionization by using an external source 
Fourier transform instrument 1161. The H/D exchange 
experiments were performed by trapping the ionic 
species in a background pressure of CH,OD (2-4 X 
lo-’ torr) and monitoring the intensities of the peaks 
that correspond to different numbers of deuteriums 
incorporated as functions of time. An earlier method of 
data treatment used in this laboratory treated the sys- 
tem as series of successive reactions, 
CH,OD + [H,,]+ 2 
k-, 
CH,OH + [H,,-,Dl+ 
where it represents the number of deuteriums incorpo- 
rated, and calculated the apparent rate constants k,, by 
solution of the associated set of coupled differential 
equations and iteration to the best fit to the experimen- 
tal ion intensities [9, 131. Thus the values k,, k,, 
k s, . . . ,k,,, where II is the total number of hydrogens 
exchanged, represent the rate constants for the respec- 
tive exchange of one, two, and so forth hydrogens. In 
reality, these rate constants are combinations of rate 
constants made up of II exchange sites. This treatment 
now has been modified to deconvolute the rate con- 
stants for the individual sites. In the new treatment, 
the system has been treated as a series of independent 
reactions, 
The rate constants for the exchange of protonated 
glycine, glycerol, and tlie mixed dimer are tabulated 
(Table 1). The values are normalized to the largest rate 
constant of protonated glycine. The small face numbers 
correspond to the uncertainties in the values. Uncer- 
tainties in the rate constants are determined by the 
standard deviation in the fit. For each species the rate 
constants are listed in decreasing order. Protonated 
glycine has four exchangeable hydrogens, one on the 
carboxylic acid hydrogen and three on the terminal 
amine. In earlier studies, we noted that the first ex- 
change in protonated amino acids without basic side 
chains occurs primarily on the carboxylic oxygen [13]. 
The new constants reflect these earlier observations. 
Site i, therefore, corresponds to the carboxylic acid and 
the rate constant is 10 times greater than exchanges on 
sites ii-iv, which correspond to the three equivalent 
amino hydrogens. Protonated glycerol exchanges 
rapidly with four rate constants that are identical, 
which indicates that the three hydroxyl hydrogens and 
the proton are all chemically equivalent. 
Sj(H) + CH,OD 2 
k-; 
S,(D) + CH,OH 
where Sj represents the jth exchange site. The specific 
rate constants, ki, kii, kiii,. . ., k,,, are determined by 
solution of the corresponding set of independent dif- 
An increase in the number of labile hydrogens does 
not necessarily increase the reactivity of the gas-phase 
species. The complex composed of protonated glycine 
and glycerol has rate constants that are considerably 
lower than either protonated monomer. The largest 
value, 13.4, is similar in magnitude to the three slower 
rates of protonated glycine. There could be significant 
errors (50%) in the absolute values of the given rate 
constants due to a background of undeuterated 
methanol and errors in the calibration of the ion gauge 
tube. This error should be the same in each determina- 
tion so that the relative errors (given in parentheses in 
the tables) are significantly smaller [9, 131. The remain- 
der of the rate constants are significantly smaller. In 
the mass spectrum, the perdeuterated product is ob- 
served, but only after 40 s with a background pressure 
of 3.1 x lo-’ torr, compared to about 5 s for glycine 
under similar conditions. The similarity of the rate 
Table 1. Summary of H/D exchange reactions between CH,OD and protonated glycine, protonated glycerol, and the 
protonated mixed dimer” 
Species 4 kii kiii kiv kv k “1 kvai 
GH+ 100 (6) 10.7 (3.2) 10.7 (3.2) 10.7 (3.2) 
YH+ 225 (38) 225 (38) 225 (38) 225 (38) 
GH+ ... Y 73.4 (1.9) 3.0 (0.8) 3.0 (0.8) 3.0 (0.08) 3.0 (0.81 3.0 (0.8) 3.0 (0.8) 
aRate constants are normalized to k, of protonated glycine and are listed in italics. Numbers in parentheses are relative deviation of the 
values. Absolute rate constant k, (glycine)= 62.6 x 10-l’ molecules/cm3 s. G = glycine; Y = glycerol. 
constants kii-k,.ii is probably not significant because 
the values are small with large uncertainties. 
The role of stereochemistry in the H/D exchange of 
the complex was investigated by complexation of 
glycine to four different monosaccharides (see Chart 
1). The three pyranose (glucose, galactose, and man- 
nose) and one furanose (fructose) sugars examined 
differ by ring size and relative orientation of the hy- 
droxyl groups. Because coordination between the sugar 
and the amino acid is expected to occur through the 
hydroxyl groups, the relative stereochemistry may af- 
fect specific rate constants. Table 2 lists the rate con- 
stants for the eight hydrogens observed to exchange in 
the protonated dimer. Complexation appears to 
severely hinder all rates of exchange when either 
glycine or alanine is complexed to sugars, in the same 
manner observed for glycine complexed with glycerol. 
A moderately fast exchange occurs at a single site with 
rate constants that range between 11.3 and 17.0. The 
differences in these values probably are not significant. 
The exchanges that correspond to kii-k,.iii are very 
slow, although most labile hydrogens do exchange to 
some extent. There are variations in the rate constants 
that depend on the sugar. However, the numbers are 
too small to conclude that the variations are due to 
stereochemistry. It is possible that with larger sugars 
and peptides, one may observe variations in rate con- 
stants due to stereochemistry. 
The large rate constants that accompany strong in- 
tramolecular interactions also are observed with proto- 
nated lysine and diglycine (Table 3). Protonated lysine 
undergoes H/D exchange with six equivalent rate 
constants that correspond to the protonated amine 
hydrogens (five) and the carboxylic acid. There ap- 
pears to be no distinction between the two types of 
hydrogens. The large number of moderately large rate 
constants allows rapid exchange of all hydrogens with 
deuterium in the protonated molecule. Similarly, pro- 
tonated diglycine exchanges rapidly with three rate 
constants that are equal and large (158), one that is 
moderate (24), and one that is small (7.8). On the basis 
of our understanding of H/D exchange, we propose 
that these values are for the three amine hydrogens 
(protonated), the acid hydrogen, and the amide hydra 
gen, respectively. 
Complexation of both protonated lysine and 
diglycine greatly diminishes the rates of exchange. The 
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au = Glucose 
CH,OH 
Gal =Galacrose 
,&OH 
OH 
‘&$,, 
Chart 1. 
complex of protonated lysine with glucose exhibits 
only two slow exchanges (relative rate constants of 5.1 
and 6.1) during the same time as protonated lysine 
exchanges to form the perdeuterated product. The 
complex of protonated diglycine with glucose has three 
very slow exchange rates with equivalent rate con- 
stants of 0.3. Interestingly, although protonated lysine 
and diglycine monomers have overall greater rate con- 
stants than either protonated glycine or alanine, the 
corresponding rate constants for the complexes with 
the sugars are considerably smaller. 
The one fast rate in the complexes of glycine and 
alanine mirrors a similar fast rate in the uncomplexed 
protonated amino acid. This points to the possibility 
that the fastest rate still may correspond to the ex- 
change of the acid hydrogen. If this is the case, then 
the reactions of the esters should not have the single 
fast rate leaving only the slow rates, as has been 
reported for the reactions of protonated glycine and 
alanine esters [9, 131. The reactions of glycine ester 
complexed to glycerol and glucose and alanine ester 
complexed to glucose were performed under similar 
conditions as those for the other complexes. No deu- 
terium incorporation was obtained during the same 
reaction times. 
GE...H+ . ..Y + CH,OD -+ no reaction 
GE.*.H+ . ..Glu + CH,OD + no reaction 
AE ... H+ . ..Glu + CH,OD + no reaction 
GE = glycine methyl ester 
AE = alanine methyl ester 
Y = glycerol 
Table 2. Summary of H/D exchange reactions between CH,OD and protonated glycine complexed to monosaccharides” 
Species k, 4, k ,I, k I” kv k “I Knin Knin, 
GH’ . ..Glu 7 7.0 (2.4) 2.4 12.41 2.4 (2.7) 0.8 (2.5) 0.8 (1.4) 0.8 (1.1) O.S(l.1) 0.8 (0.8) 
GH’ . ..Gal 72.9 (0.6) 7.3 (0.6) 7.3 (0.6) 7.3 (0.6) 7.3 (0.6) 7.3 (0.6) 0.5 (0.3) 0.5 (0.3) 
GH’ ... Man 7 7.3 (0.5) 2.2 (0.2) 0.2 (0.2) 0.2 (0.2) 0.2 (0.2) 0.2 (0.2) 0.2 (0.2) 0.2 (0.2) 
GH+ ... Fru 73.7 (0.8) 7.7 (0.3) 0.3 (0.2) 0.3 (0.2) 0.3 (0.2) 0.3 (0.2) 0.3 (0.2) 0.3 (0.2) 
AH’ . ..Glu 74.6 (0.5) 4.3 (0.3) 0.5 to.21 0.5 (0.2) 0.5 (0.2) 0.5 (0.2) 0.5 (0.2) 0.5 (0.2) 
‘Rate constants are normalized to k, of protonated glycine and are listed in italics. Numbers in parentheses are relative deviation of the 
values. 
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Table 3. Summary of H/D exchange reactions between CH,OD and protonated Diglycine and Lysine complexed with glucosed 
Species k, 4, k 111 k S” kv k “I 
LysH+ 20.0 (5.1) 20.0 (5.1) 20.0 (5.1) 20.0 (5.1) 20.0 (5.1) 20.0 (5.1) 
LysH’ . . Glu 5.1i3.7) 6.7 (3.7) * * * * 
G,H+ 758 (25) 158 (25) 158 (25) 24 (2) 7.8 (0.8) 
G2H+ . ..Glu 0.3 (0.21 0.3 (0.2) 0.3 (0.2) * * * 
aRate constants are normalized to k, of protonated glycine and are listed in italics. Numbers in parentheses are relative deviation of the 
values. The asterisk l* I indicates an exchangeable hydrogen but no exchange observed. 
The total lack of reactivity in the ester complexes is 
a strong indication that the acid hydrogen plays a 
central role in the H/D exchange reactions. It suggests 
further that exchange in the corresponding acid com- 
plex occurs only through the acid hydrogen. If all 
exchanges between CH,OD and the complex occur 
through the acid hydrogen, then the incorporation of 
more deuterium, which results in exchange of the 
amine and hydroxyl hydrogens, is likely the result of 
intracomplex H/D exchange. The attachment of 
monosaccharides to the amino acids involves a com- 
plex interaction, but the glycine-glycerol complex 
probably involves interaction of the protonated amine 
with the hydroxyl groups of glycerol. 
We have performed molecular orbital (MO) calcula- 
tions by using AM1 on the intermediate described (1; 
Scheme I) and have found it to be stable on the AM1 
[ 17, 181 surface. The heat of dimerization (that involves 
a protonated glycine and a neutral glycerol) is pre- 
dicted to be - 101.3 kJ/mol. The interaction effectively 
solvates the protonated terminal amine, as evidenced 
by the short 0s.. H(N) bond distances ( - 2.1 A). H/D 
exchange occurs when the trimer with CH,OD is 
formed (2, Scheme I). This reaction is exothermic by 
- 49.0 kJ/mol, but is energetically incapable of dissoci- 
ating the original protonated dimer. Exchange pro- 
ceeds through the intermediate 2 when the amine and 
the carboxylic acid cooperate to bind the incoming 
CH,OD, as in the case of protonated glycine. On the 
AM1 surface, a hydroxyl group of glycerol moves 
away from the protonated amine when the hydroxyl 
group of methanol is attached. 
The specific coordination of the dimer complex may 
change before or during the formation of the nascent 
trimer. The rate of H/D exchange can be decreased by 
the hydroxyl group of glycerol that blocks the site 
where CH,OD can exchange (4). The differences in 
reaction enthalpy, due to complexation of CH,OD, 
between the complex and the lone protonated species 
Scheme I. 
do not account for the differences in reactivity. Attach- 
ment of methanol to protonated glycine is only 13.4 
kJ/mol more exothermic than to the protonated dimer. 
The intermediate 4, or one similar, also can account for 
the intracomplex H/D exchange because the binding 
of the hydroxyl group can be similar to that of 
methanol. 
The affect of complexation on the H/D exchange of 
macromolecules will depend on where the protons (in 
multiply charged species1 are incorporated in the com- 
plex. If the protons are incorporated deep within the 
complex and are sterically blocked, then H/D ex- 
change can be extremely slow or nonexistent. This 
behavior also is observed in the H/D exchange of 
protein-ligand complexes in solution [19]. If the pro- 
tons are on the surface of the complex, then H/D 
exchange can be rapid. In these situations, H/D ex- 
change will be a useful probe of the complex surface. 
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